In this paper we report on a laser range finding system built using the self-mixing effect in a Vertical-Cavity Surface-Emitting Laser (VCSEL). The distance to the target in these range finders is usually calculated by determining the time interval between the peaks in the resulting power fluctuations that are produced by the selfmixing effect. In this study we propose the use of a method that utilises the Fast Fourier Transform (FFT) that proves to have better performance than the traditional peak spacing methods used by other researchers. A range finding system has been built using a VCSEL and the FFT to measure a range of distances from 20cm to I m with a maximum error of 1.5% and a resolution of S m m . This is the first time to our knowledge that such a range finding system has been built with a VCSEL.
INTRODUCTION
It is well h o w n that optical feedback in semiconductor lasers can significantly affect its behaviour and operation [I]. In most cases this feedback is undesirable [2] as it can add to the noise and change other optical parameters of the laser. However, this feedback has also been used for many constructive purposes including displacements, range finding and velocity measurement [3] and tbree-dimensional imaging [4], [5] .
A range finding system can be implemented with the self-mixing interference that can take place inside a semiconductor laser diode, which is commonly referred to as the self-mixing effect. Many range finding systems have been built utilizing the self-mixing effect in gas or in-plane lasers. In this paper we report on a range finding system that has been implemented using a Vertical-Cavity Surface-Emitting Laser (VCSEL). VCSELs have advantages over conventional laser &odes in that they have a lower cost, lower threshold current, single longitudinal mode operation and circular beam shapes. This is the fust time to our knowledge that a range finding system has been built using external optical feedback in a VCSEL.
When the laser is driven by a triangle wave periodic power fluctuations occur in relation to the phase of the reflected light. The target distance can then he extracted by calculating the number of sharp peaks in the differentiated power waveform. In this paper we also implement a method based on the Fast Fourier Transform (FFT) that eliminates the problems of setting a perfect threshold in the previously described method and compare it against the commonly used time-domain method.
SELF-MIXING EFFECT AND RANGE FINDING
The self-mixing effect occurs when the light emitted f" a laser hits an object and is reflected back into the cavity of the laser. The light emitted from the laser has narrow lineshape and the backscattered light will add constructively or destructively with the light inside the laser cavity. The introduced phase shift due to the round nip travel to and from the target effectively changes the reflectivity and phase shift of the exit mirmr and consequently produces changes to the output frequency, the line width, the threshold gain and the output power of the laser. Periodic fluctuations in the power, which also correspond to mode hops in the laser, occur at every b l 2 of target displacement along with a 2s phase shift of the round trip, where b is the wavelength of the free-running laser without feedback. To determine the distance to the target the frequency of the light is changed so that phase shifts of 2s occur at every resonant mode or standing wave of the extemal cavity created by the laser and the target. The distance can then he determined by finding the frequency spacing between the adjacent modes.
The change in frequency of the light can be obtained by intensity modulating the laser with a triangle wave. The resulting power waveform of the laser with the self-mixing effect is a triangle wave with small steps that correspond to the power fluctuations caused by the different resonant modes occurring in the cavity as shown in Fig. I . By differentiating the power waveform we produce the series of sharp peaks shown in Fig. 1 that correspond to the resonant modes in the cavity and where the spacing between the modes is proportional to the average distance between the peaks. The distance to the target can then be simply calculated by determining the average distance between the peaks using [4]. 
SYSTEM DESIGN AND IMPLEMENTATION
The block diagram for the implemented ranging system is shown in Fig 2. An Emcore VCSEL (Gigalase 8585-83 12) with integrated photodetector was used in this system. A 12-bit custom-built digital signal generator produces a triangle wave to modulate the laser. The laser is biased above its threshold current by the laser driver circuit that also uses the waveform from the digital signal generator to produce current modulation through the laser. The light emitted from the laser is then passed through a lens to collimate the beam on to the target, which was a circular piece of sandblasted aluminium. The power fluctuations were monitored by the intemal photodiode situated in the VCSEL package. The photocurrent is then passed through a transimpedance amplifier and differentiator circuit to obtain a waveform with the sharp peaks shown in Fig 1. A 12-bit data acquisition card and a Pentium PC sam le the differentiated signal through the LahView software package running on the PC. An inverse Chehyshev 2 order high pass filter was applied to the differentiated signal to ensure the peak frequency detected with the FFT method J was not the strong low frequency component of the modulating wave. Subsequently, a 7 term Blackman-Hams window was used to smooth the signal in the frequency domain. Additional averaging was also performed to obtain better accuracy and stability of the differentiated waveform. The average distance between the peaks in the differentiated waveform was first calculated using two peak-spacing methods proposed by other researchers. In the first method, proposed by Bosch et al. [3] , the numher of peaks that were detected over a set threshold was counted. This number was then divided by the time between the fmt and the last peak to give the average spacing. In the second peak spacing method a few peaks were discarded from the beginning and end of the differentiated response to eliminate the errors that occur due to transient responses in the circuitry and the variation in the height of the peaks. The inverse of the time interval or distance between the peaks gives the peak or heat frequency. Another method used by Bosch [3] is to calculate the peak or heat frequency of the derivative signal during the upward and downward transitions and take the average. However, in this paper we implement a method where the peak frequency of the signal is calculated utilising the Fast Fourier Transform (FFT) of the whole signal. This approach is possible by using a high frequency filter to eliminate the strong modulating component of the triangle wave. This method eliminates the problems of setting a perfect threshold in the time domain.
RESULTS
The peak frequency was recorded for a range of distances from 20cm to Im using both of the peak spacing methods and the FFT. The peak frequency on the CRO was also noted for reference. The results obtained for each method are shown in the graph in Fig. 3 . From this we can see that the FFT is more accurate and robust than the peak spacing methods at larger distances where there is greater noise present in the differentiated waveform.
As the distance to the target is increased the reflected power gets smaller and the differentiated wave approaches a square wave. The peaks become very small making it hard to set a perfect threshold level since the heights of the peaks vary ambiguously. The differentiated wave produced in the system was not a perfect square wave due to transient responses hut a wave with a small slope instead of being perfectly flat. This also compounds the problem of setting a perfect threshold. It comes to the point where the peaks are so small and the slope is such that a single threshold cannot he used to capture all the peaks. Instead there would have to he multiple thresholds set to detect different ranges of peaks in different stages of the waveform. Clearly, this makes the FFT more robust than the peak spacing method. Given that the FFT was the most accurate the distance to the target was calculated using this method. The actual distance to the target was then compared to the distance calculated using the FFT at several points between 20 cm and 1 m. The maximum error obtained in the final ranging system was 1.5 % and with a resolution of 5 mm at 1 m. In this study the emphasis was on comparing different signal processing techniques in the noisy situation and on building the first prototype of a VCSEL based range finder. The utilisation of temperature control by mounting the VCSEL in the temperature controlled stage with the Peltier element would eliminate frequency drifi associated with thermal fluctuations in the laser. Also, the use of the smaller diameter VCSEL, which maintains single-transverse mode operation for all biasing currents, would clearly improve the maximum distance, stability and accuracy of the design. Other researchers such as Bosch [3] have managed to obtain somewhat better system performance with inplane DFEI lasers with a resolution of 1.5 mm with the target up to 2 m. However, our results clearly show that our FFT-based approach is more robust and performs better in the presence of noise compared to the peak spacing methods used by other researchers.
CONCLUSION
In this paper a range finding system was built using a VCSEL. This is the first time to our howledge that such a range finder has been built using a VCSEL. An altemative approach of acquiring distance by processing the signal in the frequency domain has also been adopted. Comparison to conventional peak spacing methods show that the FFT-based algorithm is more reliable and accurate in the presence of noise and allows longer distances to be measured. A maximum error of 1.5 % is obtained at 1 m. .The addition of temperature compensation and use of single mode VCSEL will improve the performance of the system up to submillimeter accuracy.
